Abstract-Superconducting tunnel junction (STJ) detectors exhibit superior detection performance for photons and particles at a high spectroscopic resolution of ∼10 eV, a short dead-time (decay time) of ∼μs, a high quantum efficiency of ∼100%, and a low detection threshold energy of less than 1 eV, which cannot be achieved by conventional detectors. The outstanding detection performance originates from a small superconducting energy gap of ∼meV, which is three orders of magnitude smaller than ∼eV in semiconductors. This paper reports our recent progress in two applications of STJ detectors to fluorescence-yield X-ray absorption fine structure (XAFS) spectrometry for trace light elements in matrices and mass spectrometry (MS) for ions with the same mass/charge-number ratio (m/z) but different charge states and neutral fragments.
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I. INTRODUCTION
S
UPERCONDUCTING tunnel junction (STJ) detectors have a sandwich structure of superconductor-insulatorsuperconductor with an insulator thickness of ∼1 nm. The device structure is the same as that of Josephson junctions. For detecting photons or particles, the STJ detectors are operated in the so-called Giaever mode [1] , in which the dc Josephson effect is suppressed by applying a small magnetic field of 10-100 G so that the change of quasiparticle tunnel current can be measured. The junctions are biased within the sub-gap region to observe the change of quasiparticle tunnel current.
The thermally excited quasiparticles must be suppressed by cooling to a temperature well below superconducting transition temperatures (T c ). When X-ray photons or such particles as atoms or molecules strike a superconducting electrode, and their energies are above the superconducting energy gap (2Δ), Cooper pairs are broken and quasiparticles are created at near to the final stage of the excitation and relaxation processes. The excess quasiparticles with energies just above 2Δ result in an increase of the quasiparticle tunnel current. Since the quasiparticles have an effective lifetime of ∼ μs for recombination into Cooper pairs, current pulses with a decay time of ∼ μs are produced for individual photons or particles. This detection mechanism is called direct detection, in contrast to coherent detection (or heterodyne detection) of electromagnetic waves of photon energies of less than 2Δ.
One of the remarkable differences between Josephson-effect applications and detector applications is junction size. For superconducting quantum interference devices (SQUIDs) or single flux quantum (SFQ) logic circuits using Josephson effects, the junction size is as small as 1 μm square or less [2] . STJ detectors, on the other hand, should have a large junction size of 100-200 μm for X-ray spectroscopy or mass spectroscopy in order to obtain a reasonable number of photon or particle events. Furthermore, because one junction is still small even though it is a large junction, array detectors must be fabricated for high-throughput practical analyses. Current technologies for STJ array fabrication, cryogenics, and signal processing allow us to achieve a sensitive area of ∼ mm 2 , which is still smaller than ∼ cm 2 in the latest silicon drift detectors (SDDs). Nevertheless, a mean energy resolution of 14 eV [3] in 100 STJ pixels (1 mm 2 ) outperforms 48 eV [4] in an SDD (10 mm 2 ) for the oxygen K line (525 eV photons). Further progress of STJ technologies is required for analytical sciences.
In this paper, we discuss two applications of STJ detectors: X-ray absorption fine structure (XAFS) spectrometry and mass spectrometry (MS). XAFS spectrometry is widely used in synchrotron radiation (SR) facilities in order to analyze the atomicscale local structure around the atoms that absorb SR photons or the electronic states of the atoms [5] . STJ detectors play an important role in selecting trace elements in bulk samples [6] . In particular, STJ detectors enable the analysis of light elements whose characteristic X-rays are in the soft X-ray region of less than 2 keV at a high energy resolution beyond the limit of semiconductor detectors [3] , [7] . In MS, STJ detectors are used to detect analyte atoms or molecules that are ionized and accelerated at a static voltage of 3-30 kV [8] , [9] . STJ detectors enable charge state discrimination of ions or direct separation of different neutral fragments without ionization, which cannot be realized by MS instruments with a conventional ion detector [10] , [11] . In this paper, we report the operational basis and our latest results of the applications of STJ detectors to analytical sciences.
II. OPERATING PRINCIPLE OF STJ DETECTORS
An example of an STJ array detector with 100 pixels is shown in Fig. 1 . Each pixel is a tunnel junction of 200 × 200 μm 2 . For detecting photons or particles, a reasonably large sensitive area is necessary. However, the larger the junction size is, the lower the spectroscopic resolution becomes because of spatial nonuniformity, i.e. the amplitude of the signal that depends on the absorption position of quanta [12] , [13] . Therefore, we select a junction size between 100 and 200 μm, depending on the application: for example, 100 μm for high resolution in XAFS and 200 μm for a large sensitive area in MS.
The spatial nonuniformity can be reduced by carefully designing a junction layer structure of Nb/Al/AlO x /Al/Nb [13] . The spatial nonuniformity has been studied experimentally and theoretically [14] - [16] . Although a quasiparticle diffusion and tunneling model predicts experimental spatial profile shapes, some of the physics remains unsolved. For example, the spatial profile for 5-keV photons can change with bias [17] . Since it is unlikely that the quasiparticle diffusion constant depends on the bias point, some unusual non-linear effects may be responsible [18] . Nevertheless, in a low energy range of less than 2 keV, our STJ detectors exhibit a linear relation between deposited energy and output pulse height, and therefore are applicable to soft X-ray spectrometry or low energy particle detection. For practical use, the surface of the top Nb electrode is bare so that soft X-ray photons, atoms, and molecules impinge on the Nb surface directly, although the Nb surface exposed in air may be contaminated by oxidization and the detector response is slightly degraded [19] . Fig. 2 . Tunneling processes in a superconducting tunnel junction biased in the sub-gap region (a) and cross-sectional TEM image (b). "S1" and "S2" denote two superconducting electrodes separated by the 1 nm-thick AlOx insulating layer indicated by "I." Absorption of an X-ray photon or particle surface impact results in Cooper-pair breaking and creates quasiparticles. The two major tunneling processes are shown. The superconducting electrodes are Nb/Al bilayers in actual STJ detectors in order to obtain a better tunneling barrier quality, a better spatial uniformity, and signal amplification due to quasiparticle trapping and multiple tunneling.
STJ detectors use 2Δ as a scale for measuring the energy deposited upon a single-photon absorption event or a singleparticle surface impact event. Energy deposition of more than 2Δ leads to Cooper-pair breaking and creates excess quasiparticles. The mean number of quasiparticles, N , for an energy deposition of E is expressed by
where ε is the mean energy necessary for creating one quasiparticle. The factor 2 corresponds to the fact that two quasiparticles are created by breaking a Cooper pair. The ε value deviates from Δ because of energy loss processes in superconductors. Numerical Monte Carlo calculations taking into account the quasiparticle and phonon excitations were performed in order to estimate the ε value [20] , [21] . The calculated ε was 1.7Δ (2.6 meV in Nb). Thus, the mean lowest detectable energy is 3.4Δ (5.2 meV). Actually, it is impossible to detect a 5.2-meV photon, since there is currently no way to measure a few quasiparticles. The experimental lowest detectable energy is about 1 eV [22] , [23] , which is equivalent to about 400 quasiparticles. Tunneling probability and the noise level of semiconductor read-out circuits may limit the lowest detectable energy. Output pulse signals of STJs biased in the sub-gap region are created by an increase of tunneling current due to excess quasiparticles. Two tunneling processes mainly contribute to the current pulse generation, as shown in Fig. 2 . One is the direct tunneling of a quasielectron from S1 to S2. The other is one electron of a Cooper pair in S1 tunnels to S2, producing a quasielectron in S1, and forms a Cooper pair with a quasielectron in S2. The current direction is the same as that of the first tunneling process, but the quasielectron flow direction is opposite. This process is equivalent to tunneling of a quasihole. These two tunneling processes allow multiple tunneling of quasielectrons within a quasiparticle effective lifetime (∼ μs), which amplifies the signal, but also produces additional statistical noise [24] - [26] . Nevertheless, multiple tunneling effectively improves the energy resolution eventually.
In actual STJ detectors, the superconducting electrodes are composed of Nb/Al bilayers, as shown in Fig. 2(b) . The Al layers with a 2Δ value smaller than that of Nb are effective for quasiparticle trapping near the tunneling barrier, which improves the tunneling probability. Moreover, the thick Al layers result in a long quasiparticle lifetime and a long quasiparticle diffusion length. Therefore, the Al layers enhance the signal amplification and improve the spatial uniformity.
Apart from the detailed tunneling processes in superconductivity, the energy resolution (δE) divided by E of general quantum detectors that have an energy gap and follow the ideal Poisson statistics, which provide that individual carrier generation processes are independent, can be expressed by
where σ N is the standard deviation of the number of created carriers. In Poisson statistics, the standard deviation is equal to the square root of N . The δE value in (2) is expressed in the unit of full width at half maximum (FWHM) of the pulse height distribution of the detector output pulses for individual quanta. The factor of 2.355 is to convert the standard deviation into FWHM. ε is larger than Δ and equals 1.7Δ in superconductors, as mentioned before. In addition, individual quasiparticle generation processes are not completely independent. The deviation from the ideal Poisson statistics is represented by the Fano factor (F ). The above calculations predict F = 0.195. As a result, the theoretical limit of energy resolution is expressed by
For Nb, the theoretical δE value for the characteristic X-ray photons of the oxygen K-line (O-K) at 525 eV is 1.2 eV, provided that all of the quasiparticles are collected and are counted exactly once to produce each current pulse. In our actual STJ detectors, the experimentally achieved δE value, i.e. the mean energy resolution for 100 STJ pixels with a junction size of 100 × 100 μm 2 , is 14 eV including read-out circuit noise. The distribution of pixel number with δE is shown in Fig. 3 [3] . The mean intrinsic δE value after subtracting the read-out circuit noise (10 eV) is 10 eV. The degradation from the theoretical value is caused by spatial inhomogeneity, incomplete quasiparticle collection, and tunneling statistical noise, as mentioned above. Nevertheless, the STJ array detector outperforms the latest SDD with a δE value of 48 eV [4] . Fig. 3 . Pixel number histogram of energy resolution (δE) for an STJ array detector [3] . The mean δE value of the 100 STJ pixels with 100 × 100 μm 2 is 14 eV at the oxygen K-line of 525 eV. The total sensitive area is 1 mm 2 . The intrinsic mean δE value after subtracting the read-out noise is 10 eV.
It was also pointed out that superconducting detectors would be useful for detecting high-energy heavy atoms that produce slow recoil atoms that create no carriers in semiconductors [20] . The slow atoms, on the other hand, create phonons that superconductors are sensitive to. The maximum energy of the phonons roughly corresponds to the Debye energy, which is 24 meV in Nb, and any phonons with energy > 2Δ can break Cooper pairs [27] . Therefore, the detection of low-energy atoms would be feasible through the phonon excitation. The initial idea was to detect atomic displacement cascades in superconductors, but phonons can be produced even in soft impact events of large molecules at a surface without penetration into a superconductor [28] . After the phonon excitation on the superconductor surface, the following detection processes are identical to those of the photon detection.
III. APPLICATION OF STJ DETECTORS TO ANALYTICAL INSTRUMENTS
One of the advantages of STJ detectors over thermal detectors such as transition edge sensor (TES) microcalorimeters and metallic magnetic microcalorimeters (MMCs), which use the rise in temperature due to the absorption of each quantum, is a fast recovery time after photon or ion impact events, leading to a high counting rate which is especially important for XAFS and MS applications. The fast recovery time originates from the fact that the lifetime of quasiparticles produced by the events is about one-thousandth of the thermal recovery time.
Another advantage of STJ detectors is insensitivity to base temperature drift or variation, as long as they are kept at a temperature below ∼T c /10. This advantage originates from the electronic energy gap of the absorbers, which are the superconducting electrodes of tunnel junctions. Thermal detectors, on the other hand, usually have a gap-less absorber, so the amplitude of temperature rise is affected by base temperature drift because of the temperature dependence of heat capacity. In exchange, the calorimeters have an extremely high energy resolution of better than 1 eV [29] . The energy gap promises long-term stability of detector operation without peak position drift and a high tolerance to heat input from the environment. Especially, heat input is unavoidable in ion detection, since an open space is necessary between the STJ detectors at 0.3 K and the ion source at room temperature to enable ions to strike the detector surface.
Our Nb/Al-based STJ detectors operate at temperatures of less than about 0.5 K. We use a cryostat equipped with a closed-cycle 3 He cooler and a pulse tube cooler with a base temperature of 0.3 K. Cooling from room temperature to 0.3 K and recycling of the 3 He cooler can be performed automatically without supplying liquid helium. Therefore, this analytical instrument can be used without a knowledge of cryogenics. The detector biasing, signal amplification, and digital signal processing are performed by semiconductor circuits at room temperature. Details of the pulse signal processing using field programmable gate array (FPGA) logic circuits for the 100 STJ pixels are reported elsewhere [30] .
A. X-ray Absorption Fine Structure (XAFS) Spectrometry in Synchrotron Radiation Facilities
Synchrotron radiation (SR) facilities provide intense monochromatic photon beams from < 1 eV to > 1 MeV, which are versatile for material analyses, for example, crystal structures, atomic-scale local structures, and electronic states. STJ detectors are well suited to analyses at SR beam lines, measuring the photon energies of characteristic X-rays from elements at a high energy resolution that cannot be achieved by conventional semiconductor technology, and a high photon counting rate [6] .
Our XAFS instrument with an STJ array detector having 100 pixels (SC-XAFS) covers a soft X-ray region of less than ∼2 keV, in which the characteristic X-rays of the light elementK-lines and the heavy element L-lines exist. The STJ array detector has an asymmetric layer structure so that a 300 nm-thick top Nb electrode efficiently absorbs photons of less than 2 keV at detection efficiencies between 20 and ∼100% [31] . Semiconductor detectors also operate in this soft X-ray region, but there are difficulties with an insufficient energy resolution and a surface dead layer. The most difficult case for semiconductor detectors is a trace light element embedded in the matrix containing a major element on the immediate left in the periodic table. The characteristic X-rays of the trace light element are buried in the skirt of the strong peak signal of the major element. STJ array detectors can be used to analyze such challenging cases. As shown in Fig. 3 , the average energy resolution of the 100 STJ pixels is 14 eV for O-K 525 keV, which is five times better than that of the latest Si drift detector, SDD. At this energy resolution, the STJ detector can clearly separate the characteristic X-rays from B, C, N, and O, while in a semiconductor detector with a δE value of 48 eV there is peak overlap (Fig. 4) . The spectrum measured by the asymmetric STJ array detector is ideal with no double peaks originating from the absorption events in the top and bottom Nb electrodes and almost no artifact events due to wiring and contact hole structure [31] , [32] . The STJ array detector was used to measure fluorescenceyield X-ray absorption fine structure (FY-XAFS) spectra of nitrogen dopant (300 ppm) in SiC at Beamline 11 of the High Energy Accelerator Research Organization, Photon Factory (KEK PF) [33] . FY-XAFS spectra are recorded by monitoring the yield of the K-line of nitrogen (N-K), as the SR beam energy is scanned in steps of 1-2 eV. Since the peak of Si-K (1.74 keV) is far from those of C-K (277 eV) and N-K (392 eV), no X-rays from Si are produced at SR energies near the C or N edges. However, it is very difficult to analyze an elemental combination of C and N, because the weak N-K peak of the trace N atoms is masked by the skirt of the strong C-K peak. There has been no report on XAFS measurement of the nitrogen dopant in SiC before. The energy resolution of the STJ array detector has made it possible to select the weak N-K peak. Fig. 5 shows the first successful FY-XAFS analysis of the N dopant in SiC. Comparison between the experimental XAFS spectra and the ab initio calculation by FEFF [34] reveals that the N dopant substitutes the C site; substitution of the Si site, which has been reported in the literature [35] , is ruled out in our samples.
We also analyzed nitrogen dopant in ZnO, and revealed the change of N sites with rapid thermal annealing [36] . The SC-XAFS instrument may play an important role in analyzing other materials containing trace light elements such as wide-gap semiconductors.
B. Mass spectrometry (MS) for Different Charge States and Neutral Fragments
MS is a method to analyze ions according to mass/chargenumber ratio (m/z is used in the MS community). MS instruments have three components: 1) an ion source that ionizes analytes (atoms or molecules of mass m) at a charge state z, which are accelerated by a voltage V (normally between 3 and 30 kV), 2) a temporal or spatial ion separation section according to m/z, and 3) an ion detector that converts the ion arrival to an electric signal. Each MS instrument is called by a specific name depending on the type of ionization and the type of ion separation. A traditional MS instrument is a Fig. 5 . Fluorescence yield X-ray absorption fine structure (FY-XAFS) spectra for nitrogen-ion-implanted SiC in the as-implanted state and after rapid thermal annealings [3] . Comparison between the experiment (a) and the ab initio calculation (b) reveals that the N dopant occupies the C site. combination of electron ionization and bending magnet separation: magnetic-sector MS. Another common type of MS instrument is the combination of matrix-assisted laser desorption ionization (MALDI) and time of flight (TOF) ion separation: MALDI TOF MS (Fig. 6) .
In MALDI TOF MS, analytes in a mixture with matrix molecules on a sample plate are desorbed from the surface and ionized by UV laser pulses, and then accelerated to an energy zV . The section for the ion separation in TOF is just a vacuum tube, in which the ions fly a length of l toward the ion detector. The TOF of each ion, which is the interval between a laser pulse shot and a detector output pulse, is expressed by
By using (4) and experimentally obtained TOF values, the m/z values of ions are determined. MALDI TOF MS instruments are widely used in life sciences for identifying biomolecules such as peptides, proteins, and protein complexes in bottom-up and top-down proteomics, and metabolomics. One of the latest techniques using MALDI TOF MS is molecular imaging [37] . One disadvantage of STJ detectors for the TOF MS application is a long dead time of ∼ μs. In modern highmass-resolution TOF MS, 1 ns pulse width is desirable. Superconducting strip ion detectors (SSIDs) are promising, because they can generate narrow output pulses of faster than 1 ns and valuable discrimination levels for different charge states [38] , [39] . Nevertheless, STJ detectors have a time response of < 100 ns in pulse leading edge discrimination, so that they are acceptable for some TOF MS applications. In addition, the STJ performance fits well to magnetic-sector type MS instruments and ion storage rings.
Interestingly, MS is unable to measure masses (m values) directly, because the response of ions to an electromagnetic force is determined by m/z. Uncertainty about the charge states is always present; the components of conventional MS instruments are unable to distinguish different charge states precisely. In addition to this uncertainty, analytes must have a charge, which means that MS is unable to analyze neutral atoms or molecules. Consequently, there are two inherent limitations in MS. The first one is that the peaks of ions with the same m/z but different charge states completely overlap in MS spectra. For example, it is impossible to distinguish between 14 N + and 14 N 2+ 2 (m/z 14). The second limitation is that neutral atoms or molecules produced in gas phase fragmentation cannot be analyzed, which is called "neutral loss." STJ detectors can overcome both these limitations.
Conventional ion detectors such as microchannel plates (MCPs) rely on the emission of one secondary electron upon ion impact from the detector surface with a low work function [9] . The number of electrons is multiplied from one secondary electron by a factor of 10 6 with an electron multiplier. The MCPs are unable to distinguish different charge states. Moreover, the detection efficiency of the MCPs decreases as the mass increases. The quantum efficiency is roughly proportional to the ion velocity, v = (2 zeV /m) 1/2 , so the ion detection efficiency of conventional detectors is inversely proportional to m 1/2 . On the other hand, the ion detection mechanism of STJ detectors is Cooper-pair breaking and sub-gap current increase, which is induced by the phonon excitation upon ion surface impact. STJ detectors measure the energy deposited on the top superconducting electrode, which ensures 100% detection efficiency independent of m, because the kinetic energy of ions is independent of m and equal to zV . Furthermore, it is possible to determine the charge states from the kinetic energy measurement.
After the pioneering work on biomolecule detection in 1996 [40] , STJ detectors were extensively applied to MS. The works before 1999 were reviewed in [8] . However, they focused on detection of large molecules, except one report on charge state discrimination using a normal-insulator-superconductor junction [41] . In this paper, we report on overcoming the two inherent limitations of MS.
The typical MS spectrum of the air ionized by electron impact is shown in Fig. 7 The first direct analysis of N 2 2+ was realized by the STJ detector as shown in Fig. 8 [10] . The scatter plot of m/z vs. kinetic energy (pulse height) in Fig. 8(a) shows the event groups at different charge states along the y axis. The separation between the singly-charged ions and the doubly-charged ions can be seen clearly in Fig. 8(b) , which is a pulse height spectrum for the events at m/z 14. Two peaks are assigned to N + and N 2 2+ from the peak positions on the y axis. Doubly-charged diatomic ions are investigated in planetary science, and may play an important role in the escape of atmosphere from planets [42] . Therefore, the detection and ionization cross-section measurement of doubly-charged diatomic ions on the ground is the forerunner of space instrumentation. Similar m/z peak overlapping is found in oligomerization of such biomolecules as lysozyme and immunoglobulin [38] . The charge state discrimination also simplifies mass spectra of multiply-charged protein ions produced by electrospray ionization: for example, fragment ions of non-covalent complexes such as hemoglobin [43] .
The ability of STJ detectors to measure kinetic energy also enables different neutral molecules to be analyzed. In tandem mass spectrometry (so-called MS/MS), m/z-selected ions are broken into fragments by gas phase atomic collision or electron transfer, which produces metastable ions. Fragmentation patterns are used to identify the precursor ions or analyze their molecular structures. The fragments often include both of ions and neutral molecules. The neutral fragments cannot be analyzed in conventional MS, and are lost from an ion trajectory. This is called "neutral loss."
In order to solve the neutral loss problem, we installed an STJ detector into a magnetic sector type MS instrument [11] . In this setup, m/z-selected singly-charged ions interact with a target atom of Xe, and are excited by molecular collision or electron transfer. The metastable singly-charged ions or neutral molecules dissociate into neutral fragments as well as ionic fragments through collisionally-activated dissociation (CAD) or electron transfer dissociation (ETD). Especially, the analysis of reaction branches in ETD of singly-charged precursor ions is very tough, since all fragments are neutral. It is possible to use re-ionization of neutral fragments and then analyze them with conventional MS, but there is a possibility of additional fragmentation on re-ionization. STJ detectors allow direct mass analysis of the neutral fragments without re-ionization, taking into account kinetic energy conservation and partition of the kinetic energy of the precursor ions into fragments. The neutral or ionic fragments have kinetic energies depending on the m values. The sum of the kinetic energies is equal to that of the precursor ions. Therefore, STJ detectors can distinguish different neutral fragments. In this experiment, the branching ratios of dissociation of neutral acetone are identified from kinetic energy spectra: for example, (CH 3 ) 2 CO → CH 3 CO + CH 3 and (CH 3 ) 2 CO → CH 3 + CH 3 + CO. These reactions produce the neutral radicals, which are thought to be sources of pre-biotic organic molecules in interstellar space through dissociative recombination [44] .
IV. CONCLUSION
STJ detectors are versatile devices for analytical sciences and outperform conventional detectors based on semiconductor technology. The recent progress in two STJ applications was discussed: XAFS and MS. In XAFS, the analysis of atomicscale local structure of trace light element impurities in matrices composed of light elements has been realized. In addition to the soft X-ray region of less than 2 keV, it is necessary to cover X-rays up to 10 keV for future analyses in synchrotron radiation facilities.
In MS, STJ detectors can overcome two inherent limitations of conventional MS instruments. Ions with the same m/z but different charge states can be separated by using the ability of STJ detectors to measure kinetic energy, which also solves the problem of neutral loss. In addition, gas phase reaction branches that create neutral products only can be revealed by STJ detectors, which may thus yield new insights in gas phase ion reaction experiments using electrostatic storage rings, for investigating dissociative electron recombination. One weakness of current STJ array detectors is the small sensitive area compared with that of semiconductor detectors. Since our microfabrication technology, cryogenics, and signal processing can be used to produce instruments with five times more STJ pixels, we aim to develop a sensitive area of ∼cm order.
